Polypyrrole (PPy)/multi-walled carbon nanotube (MWCNT)/conductive carbon (CC) composites are synthesized by the chemical oxidative polymerization method. The morphology analysis of the composite materials indicates uniform coating of PPy over MWCNTs and conductive carbon. The electrochemical performances of PPy/MWCNT/CC composites with different compositions are evaluated in order to optimize the composition of the composite electrode. Galvanostatic chargedischarge measurements and electrochemical impedance spectroscopy studies prove the excellent cycling stability of the PPy/MWCNT/CC composite electrodes.
Introduction
Supercapacitors have attracted great attention as promising energy storage devices due to their high specific power and long cycle life. [1] [2] High-surface carbons, redox metal oxides and conducting polymers are the main families of electrode materials being studied for supercapacitor applications. 3, 4) Among them, ruthenium oxides and conducting polymers have been shown to deliver higher specific capacitance than carbon materials, since they store charge through both double-layer and redox capacitive mechanisms. Since the conducting polymers cost less than ruthenium oxides, they have received much attention as electrode materials. A wide variety of conducting polymers -such as polyaniline (PANI), [5] [6] [7] [8] polypyrrole (PPy), [9] [10] [11] [12] polyethylenedioxythiophene, 13, 14) polythiophene and its substituted counterparts 15, 16) -have been studied for supercapacitor applications. Of these, PANI and PPy have been considered the most promising materials for supercapacitor applications due to their high specific capacitance, easy synthesis, high conductivity and low cost. However, the main drawback of conducting polymers is poor cycle life due to the volume change during the doping and dedoping processes, which leads to degradation of the polymer electrode during cycling. Hence, it is necessary to strengthen the electrochemically active sites of conducting polymers by the addition of large surface area carbon materials or carbon nanotubes (CNTs). CNTs are attractive materials for electrodes of electrochemical energy storage devices due to their highly accessible surface area, high electronic conductivity and mechanical stability. There have been many investigations of the electrochemical performance of different kinds of conducting polymer/CNT composite electrodes for supercapacitor applications. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] However, the long-term cycleability of supercapacitors assembled with them is not enough for practical application, compared to that of electric double layer capacitors with activated carbon materials.
With the aim of improving the cycleability of the PPybased electrodes, we synthesized PPy/multi-walled carbon nanotube (MWCNT)/conductive carbon (CC) composites. † In this study, the electrochemical properties of the nanocomposite electrodes were investigated by cyclic voltammetry, galvanostatic charge-discharge cycles and electrochemical impedance spectroscopy. The effect of the composition of composite electrodes on the electrochemical performance of the cells was also investigated.
Experimental

Synthesis of PPy/MWCNT/CC composites
Pyrrole, anhydrous ferric chloride (FeCl 3 ), polyvinyl pyrrolidone (PVP), polytetrafluoroethylene (PTFE), isopropanol (IPA), N-methylpyrrolidone (NMP) and potassium chloride (KCl) were purchased from Aldrich chemicals. The pyrrole monomer was purified before use and the rest of the chemicals were used as received. The MWCNT was purchased from Hanwha Nanotech, which has been prepared by a chemical vapor deposition. The PPy/MWCNT/CC composites were synthesized by the conventional oxidative chemical polymerization method using anhydrous FeCl 3 .
27) MWCNTs were used as templates for the PPy to grow over them, and conductive carbon powder (Super-P) was also added in situ in order to improve the overall conductivity of the composite material. The advantage of adding conductive carbon into the polymerization system is that it can be coated with PPy, thus exposing more effective surface area of the active electrode material without any reduction in the bulk electronic conductivity of the composites. In a typical synthesis procedure, an adequate amount of MWCNTs and Super-P were stirred vigorously in 0.14 M aqueous FeCl 3 solution. This suspension was sonicated for 3 h to facilitate the dispersion of MWCNTs and Super-P. 500 mL pyrrole was added very slowly and by the drop into 100 mL stirring solution, and the polymerization continued for another 4 h. The precipitated composite material was then filtered and washed very well with water and methanol. 
Cell assembly and measurements
A slurry of the composite material was made with a mixture of PTFE/PVP binders in order to achieve good adhesion on Ti foil. The excellent wetting and adhesive film formation properties of PVP are well known and thus a proper amount of PVP was also added along with PTFE as a binder. The binder materials (PTFE/PVP) in the weight ratio of 7 : 3 were first dissolved in an IPA/NMP mixed solvent and then PPy/MWCNT/CC composite material was added into the polymer binder solution. The solution was sonicated for 1 h and ball-milled for another 15 h in order to make homogenous slurry. The weight ratio of composite to binder was maintained at 90 : 10. The resultant slurry was cast onto Ti foil using a doctor blade. The electrodes were dried in a vacuum oven at 80 o C for 24 h and roll-pressed to enhance particulate contact and adhesion to the foils. Sandwich-type cells were assembled with two symmetric PPy/MWCNT/CC composite electrodes (area : 1.0 cm 2 ). The electrolyte used to assemble the cell was a 1.0 M KCl aqueous electrolyte solution with a paper separator (thickness : 40 mm, Nippon Kodoshi Co.). Both the electrodes and separator were soaked in the electrolyte before cell assembly. The symmetrical cell was enclosed in a metallized plastic bag and vacuumsealed. The morphologies of the composite materials were examined using field emission scanning electron microscopy (FESEM, JEOL JSM-6701). Cyclic voltammograms (CVs) were recorded from 0 to 0.6 V at different scan rates. AC impedance measurements were performed on CH Instruments in the frequency range of 0.1 Hz1 00 kHz with an ac perturbation of 10 mV. Galvanostatic charge-discharge cycling of the cell was conducted over voltage ranges of 0 to 0.6 V with battery-test equipment at constant current densities from 0.5 to 10 mA cm −2 at room temperature.
Results and discussion
The FESEM images of pristine MWCNTs, conductive carbon and various PPy/ MWCNT/CC composites are shown in Fig. 1 . From the images of composites in Fig.  1 (c) -(e), it can be seen that MWCNTs and conductive carbon are evenly coated by the PPy layer. For PPy/ MWCNT-10/CC composite, the measured diameters for nanotubes and globular carbon material are around 80 and 120 nm, respectively. The diameters of both materials in the composite almost doubled compared to those of the corresponding pristine materials. The thickness of the PPy layer on carbon substrate decreases as the content of MWCNT in the composite increases. A very thin coating layer of PPy on MWCNT and conductive carbon can be observed in the PPy/MWCNT-20/CC composite. In these composites, MWCNTs and conductive carbon can offer good mechanical support to PPy and also ensure good electronic conduction in the electrode when the polymer is even in an insulating state.
The electrochemical properties of the composite electrode material were investigated by the CVs of the twoelectrode cells assembled with the same electrode. In the literature, the specific capacitance calculated from the three-electrode cell for the PPy-based electrodes was always quoted higher than that obtained for a symmetric two-electrode cell. 19) In our study, the evaluation of specific capacitance for the composite electrode was performed in a real supercapacitor, constituted by a two-electrode cell. The voltammograms obtained for the PPy/MWCNT-15/ CC composite electrode at different scan rates are presented in Fig. 2 . The CVs obtained for the other two composite electrodes also followed the similar behavior. The CVs of the composite electrode look almost rectangular with good symmetry at all scan rates, showing highly efficient capacitive behavior with good charge propagation. The shape of CVs obtained in the PPy/MWCNT-15/CC electrode is very similar to that of PPy/CNT composite electrodes reported in the literature. [18] [19] [20] [23] [24] [25] The voltage reversal at the potential limit is very fast, which indicates a fast charge and discharge behavior of the cell. Current value is found to increase with increasing scan rate, as expected. The CVs are very stable and unchanged through cycling, which indicates good cycleability of the electrochemical reaction. The specific capacitance of the single-compartment electrode was calculated by integrating the total area under the voltammogram, as reported previously.
28) Fig. 3 shows a comparison of the specific capacitances obtained for three composite electrodes in the symmetrical cell configuration as a function of scan rate. At a low scan rate (1 mV s −1 ), the specific capacitance of PPy/MWCNT/CC electrodes ranged from 200.7 to 238.0 F g −1 based on weight of active materials in one electrode, and the values increased with increasing PPy content. An increase in the specific capacitance of PPy/MWCNT/CC composite with increasing PPy content can be associated with pseudo capacitance contributed by PPy. It is noteworthy that pure MWCNT has a low specific . Hence, taking into account that the content of MWCNTs in the composite is less than 20 wt%, the total capacitance is mainly due to the PPy. All of the electrodes exhibited a decrease in specific capacitance with increasing scan rate. The PPy/MWCNT-15/CC composite electrode showed better rate capability than the other two composite electrodes. In the PPy/ MWCNT-15/CC composite electrode, MWCNTs and conductive carbon are evenly and thinly coated by high capacitive PPy, which produces a porous three-dimensional network of the composites supported by the nano-sized MWCNT and conductive carbon. It can provide a large surface area of PPy for electrolyte access and high electronic conductivity of carbon materials.
The symmetric cell assembled with the PPy/MWCNT-15/CC composite electrode was subjected to charge-discharge cycling in the voltage range of 0 to 0.6 V at a constant current of 0.5 mA cm −2 , and its charge-discharge curves are shown in Fig. 4 . The charge-discharge curves exhibit a well-behaved triangular wave with no curvature and there is no large IR drop even in the last cycle, which indicates the prominent capacitive behavior of the cell. The cell shows good cycling stability without diminishing the charging or discharging times during 500 cycles. This result demonstrates that the PPy/MWCNT/CC composite electrode has high stability for a long cycle life. The specific capacitance of the electrode was calculated using the formula C (F g −1 ) = 2 It/(m∆E), where I is the current applied for the charging and discharging, t is the time of discharge, ∆E is the voltage difference between the upper and lower potential limit, and m is the mass of active materials (PPy and MWCNT) in one of the electrodes. The factor of 2 arises because the total capacitance measured from the cell is the addition of two equivalent single electrode capacitors in series.
19) The specific capacitance of the cells as a function of cycle number is presented in Fig. 5 . The initial specific capacitances obtained from the galvanostatic charge-discharge measurements range from 150.0 to 183.7 F g −1
, and increase with increasing PPy content. This trend is consistent with the results obtained from CVs of the two-electrode cells. The loss of capacitance is very small during the charge and discharge cycles. The excellent cycle life of the cells assembled with the PPy/MWCNT/CC composite can be ascribed to the electrochemical and mechanical stability of active sites on PPy, achieved by the addition of carbon nanotubes and conductive carbon with large surface area.
Rate capabilities of cells assembled with PPy/MWCNT/ CC electrodes were evaluated with varying current densities from 0.5 to 10 mA cm −2 , which are shown in Fig. 6 . The capacitance of the cells decreased as the current densities increased, due to the internal resistance of the electrodes. The cell assembled with PPy/MWCNT-15/CC shows the highest capacitance at high current rates among the cells studied in this work. On the other hand, the decrease in specific capacitance is prominent in the PPy/MWCNT-10/CC composite-based cell. These results are consistent with those obtained from CV results, as explained in Fig. 3 . The reduction of capacitance in the PPy/MWCNT-10/CC-based cell at high current rates may be associated with the high thickness of the PPy layer, which gives high internal resistance of the cell. In the case of the PPy/ MWCNT-20/CC electrode, the amount of PPy is not enough for the complete coverage of MWCNT or conductive carbon. Thus, the high rate-specific capacitance of the cell constructed with this particular composite is not as high as that of the cell assembled with PPy/MWCNT-15/CC.
To gain some insight into the electrochemical behavior of the PPy/MWCNT/CC composite electrodes, ac impedance of the cells was measured. Fig. 7 (a) and (b) present ac impedance spectra of the cells before and after 500 cycles in the voltage range of 0 to 0.6 V. All of the impedance measurements were made for the cells in their discharged state without applying any external potential. In all three spectra obtained before and after cycling, the cells displayed a semicircle, followed by a capacitive spike. High-frequency intercepts of the real axis, which are related to the electrolyte resistances, are almost the same among the three cells. The semicircle that appeared in the middle-to-low frequency region is related to the charge transfer reaction occurring in the cells. Before cycling, charge transfer resistances calculated from these spectra are 7.4, 2.1, and 4.3 Ω for the cells assembled with PPy/MWCNT-10/CC, PPy/ MWCNT-15/CC, and PPy/MWCNT-20/CC, respectively. The lowest value of charge transfer resistance in the cell with the PPy/MWCNT-15/CC electrode can be ascribed to the large surface area that allows excellent electrolyte access and provides low internal resistance. It suggests that the introduction of proper content of MWCNTs and conductive carbon into the composite may facilitate the charge transfer and reduce the internal resistance of the electrode. At low frequencies, the ac impedance spectra exhibited a slightly tilted vertical line of a limiting diffusion process, which was a characteristic feature of pure capacitive behavior.
29) The ac impedance spectra obtained after 500 cycles also followed the same trend as the spectra obtained before cycling. It should be noted that the charge transfer resistance values are reduced for all of the cells after 500 cycles, as shown in Fig. 7(b) . This result suggests that the PPy/MWCNT/CC composite electrodes are very stable without degradation under the repeated charge and discharge cycles.
Conclusions
The PPy/MWCNT/CC composites with varying content of MWCNTs were synthesized and characterized for supercapacitor applications. The specific capacitance increased with increasing PPy content in the composite. The cells assembled with PPy/MWCNT-15/CC composite electrodes exhibited good rate capability and excellent cycle life. Low internal resistance in the cells was proved by electrochemical impedance spectroscopy after chargedischarge cycles. From these results, the PPy/MWCNT/ CC composites with optimum composition can be considered promising electrode material with high capacitance and long cycle life in the application of supercapacitors.
